Offshore drilling operations exhibit various difficulties attributed to shallow flows worldwide. One of the most common practices for drilling offshore wells is to use liners and liner hangers rather than using full casing strings. This reduces the cost of drilling operation. Liners and liner hangers are required to pass certain standards prior to their deployment in the field. This ensures their ability to withstand harsh downhole conditions and maintain the integrity of the well. A liner hanger contains an integrated seal assembly that acts as a barrier to prevent fluid migration. The cement that is placed within the casing-liner overlap is also considered a barrier, and it is critical that it maintains the integrity of the well by mitigating fluid migration to other formations and to the surface. The failure of this dual barrier (cement and seal assembly) system to seal the annular space can result in serious problems that might jeopardize a well's integrity. Typically, in field applications, the length of a casing-liner overlap is chosen arbitrarily. In some cases, shorter overlaps (50 to 200 ft) are chosen because of the lower cost and easy identification of leaks during pressure tests. However, some loss of well control incidents (particularly the incident that motivated this study) have been linked to fluid leakages along the casing-liner overlap. This paper investigates the critical length of the casing-liner overlap by modeling gas leakage through the cement placed within the overlap using analytical and experimental approaches. Leakage scenarios were developed to mimic gas migration within the cement in the casing-liner overlap. The results showed that the longer the casing-liner overlap, the higher the leakage time. The results also showed that the current casing pressure test duration of 30 min may not be adequate to verify the integrity of the cement within the overlap. Based on the results and analyses, it is recommended to increase the pressure test duration to 90 min. In addition, the results suggest that the length of the casing-liner overlap should not be less than 300 ft to maintain the integrity of the well in the case of gas influx. Further details are highlighted in the results section. In practice, the current rationale behind the selection of a casing-liner overlap length is not sustainable. Thus, the major advantage of this study is that with field data, it provides both scientific and research-based evidence that can be used to inform the decision behind the selection of the casing-liner overlap length, especially in gas migration-prone zones.
Introduction
Wellbore integrity is of critical importance to several operations in the oil and gas industry, including drilling, production, plug and abandonment (P&A), and CO 2 (carbon dioxide) sequestration [1] [2] [3] [4] [5] [6] .
The use of at least two independent barriers are recommended to ensure containment of underground fluids by preventing escaped fluids to surface or fluid movement between two formations, and hence the barriers guarantee the safety of the well's personnel and workplace [7] . The primary well barrier is the first body that prevents fluid flow from a source. The fluid column is considered as a primary well barrier, for example, mud is the primary barrier during drilling operations. The secondary well barrier is the second body that prevents the unintentional flow if the primary barrier fails. Secondary well barriers include cement, casing, wellhead, and blow-out preventer (BOP), etc. Failure of the well barriers to contain and prevent fluid flow not only can result in a loss of well integrity but might also lead to disasters, such as loss of well control, fresh water contamination, gas leakage to atmosphere, and a blowout.
One of the issues that can endanger the well integrity is shallow flow. Shallow flow of water, gas, and fines occurs due to high pore pressure caused by the rapid deposition of undercompacted and overpressurized sands [8] . This shallow flow might be encountered in the early stages of drilling a well; even prior to the installment the blowout preventer [9] . Of all types of well control problems, shallow gas blowouts have been considered as the main cause of the loss of offshore drilling rigs. It has been reported that one third of the blowouts are attributed to shallow influxes [10, 11] . Shallow flows also affect the well construction design in one way or another. Casing and cementing the shallow portion of deep wells, especially those located in the Gulf of Mexico, possess some challenges due to the shallow gas flow. Gas can migrate and propagate through the cement sheath either during the cement transition from a liquid phase to a solid phase (primary gas migration) or/and after the cement has hardened (secondary gas migration).
One of the most common practices in offshore deep wells is to use liner strings rather than using full casing strings to reduce the cost of drilling operation. The liner is hung to the last casing using a liner hanger and cemented in place. The liner hanger has a sealing element (elastomer) attached to it to seal the annulus to mitigate fluid migration into the wellbore and to the surface [12] . The cement placed within the casing-liner overlap plays a significant role in maintaining well integrity. Cement sheath is usually the first line of defense against formation fluid influx; followed by either elastomer or metallic seal assembly in the hanger or wellhead. Various concerns regarding the reliability and qualification of elastomer and metallic seals exist. Patel et al. [13] [14] [15] further emphasized the criticality of having good quality cement as a barrier. The sealing assemblies and the annular cement are considered as two independent barriers to prevent annular gas migration.
The cement sheath should possess an ultra-low permeability to mitigate and prevent gas migration to other formations and to the surface. To achieve this, several additives can be mixed with the Portland cement to formulate a gas-tight slurry [16] [17] [18] [19] . Also, the use of geopolymers as a replacement of Portland cement can enhance the cement integrity [20] [21] [22] . The industry is exploring nanotechnology to improve the cement sealability and material properties. For example, nanosilica additives have been identified to provide various benefits, such as early strength development, final compressive strength, fluid loss characteristics, and acceleration of hydration [23] [24] [25] . Expanding cement has also emerged as a promising solution to improve cement bonding by compensating volume shrinkage and micro-annulus formation after the cement has set. Expanding cement has also been shown to improve mechanical integrity of the cement sheath by minimizing the risk of structural failure [26] . Not only can the additives enhance the integrity of the cement sheath but also the quality of water used to prepare the cement slurry [27] . To attain long-term well integrity, excellent bonding between the cement casing and cement formation must be achieved [28] . Patel and Salehi [29] presented a useful technique of developing a sensitivity response curve for the identification of critical parameters influencing the cement sheath integrity and assessing long-term fitness for service. Study's modelling results indicate the high influence of Young's modulus, Poisson's ratio, and wellbore pressure load on mechanical stresses (radial, hoop, and shear stress) in cement.
The rationale for selecting the length of the casing-liner overlap is stated in the abstract. Many researchers have studied and modeled gas flow through cement. However, there are no studies regarding the casing-liner overlap length with cement in the overlap. This paper investigates the critical length of the casing-liner overlap based on different parameters, such as wellbore permeability and differential pressure exerted on the annular cement placed within the casing-liner overlap ( Figure 1 ). In this paper, a review of the literature was done to cover the experimental investigation and modeling of gas migration. The paper also discusses the way of developing leakage scenarios, followed by experimental methodology. After that, it discusses the results of experiments and leakage scenarios. Finally, it summarizes the conclusions and recommendations that are drawn from this study.
Figure 1.
Schematic of gas migration through the liner hanger and cement within the casing-liner overlap.
Literature Review
Cement integrity is of critical importance in maintaining the integrity of wells. Cement is considered as a porous media that has ultra-low to low permeability. This might allow fluids, especially gas, to flow through the cement. Many researchers modeled gas flow through cement, focusing on gas migration through a cemented annulus and cement plugs. Modeling of annular gas flow in a cemented annulus is one way of providing a better understanding of gas migration mechanisms. Some researchers focused on numerical and analytical modeling of the pressure buildup associated with sustained casing pressure (SCP) while others tried to model gas leakage in CO 2 sequestration.
Rocha-Valdez et al. [30] defined SCP as "any measurable casing pressure that rebuilds after being bled down which can be attributed to cause(s) other than artificially applied pressures or temperature fluctuations in the well". SCP occurs due to poor cementing that triggers gas flow from a gas-bearing zone through the cemented annulus; consequently, poor cementing can result in a loss of well integrity [31, 32] . Nishakawa [33] modeled the gas flow through a cemented annulus to the surface. The author considered the cement as a porous media, with gas flowing vertically through the cement column. The effects of gas specific gravity, cement porosity, and temperature on SCP were considered. The results showed that a decrease in cement porosity, gas specific gravity, and temperature enhanced SCP. The applicability of this model is limited since it was not implemented on field data.
Xu and Wojtanowicz [34] developed a mathematical model for testing SCP. The aim of the mathematical model was to detect the flow mechanism during gas leakage and to identify the main parameters associated with gas leakage; hence it can be utilized in selecting corrective actions. This study showed that the pattern of SCP buildup is controlled by several parameters, such as the cement, mud, and gas invasion zone. The authors concluded that cement permeability and mud compressibility have a strong impact at the early stages of SCP. In this study, it was concluded that the gas formation pressure affects the late stages of SCP, where the maximum value of the stabilized SCP depends on the gas pressure. Their mathematical model was implemented to match the field data of two wells and their results were within an acceptable estimate of the actual results. Xu and Wojtanowicz [35] expanded their SCP model by considering gas migration in a mud column, which affects the early SCP build-up and pressure bleed-down.
Huerta et al. [36] simplified the previous model and used it to quantify the potential of CO 2 well leakage. The authors were able to match the model with field data, which led to the attainment of important information, such as the leakage depth and effective cement permeability. The effective cement permeability was transformed to geometries of leakage pathways, such as microannulus and gas channels. This model was also used by Tao et al. [37] . The authors modified the SCP model to adapt to the CO 2 leakage model. Matching the field pressure data with the model allowed the authors to determine the cement effective permeability and the gas leakage depth.
Salehi [38] studied near wellbore leakage pathways in shale gas wells using experimental and modeling approaches. The author developed a 3D finite element model specifically for cement leakage modeling and a wellbore using a multistage approach. The author included all the steps involved in the well's cycle to investigate previous deformation that occurred by excessive loads during drilling or stimulation. The model and approach were applied to a well in the Haynesville shale play.
Rocha-Valadez et al. [30] developed an analytical solution for an SCP numerical model developed by Xu [31] . They assumed a constant gas inflow pressure and the gas flowing from the top of the cement would move immediately to the gas cap. Matching the field data with the model resulted in a cement permeability value that was close to the one obtained from the numerical model.
Aas et al. [39] conducted a series of full-scale experiments to examine the cement sealability using conventional and expandable cements. The authors evaluated the sealability of the cement by pressurizing the set cement with water. The authors then reported that the microannuli generated were relatively small and they did not provide large flow rates. The authors developed a leakage model based on the experiments. This model considers the flow through the created microannuli (Equation (1)):
where Q is the flow rate in m 3 /s, R c is the casing radius in m, ∆P is the pressure difference across the cement in Pa, µ is the viscosity of fluid in Pa s, L is the length of the cement column in meters, and δR is the microannulus gap in meters. Ford et al. [40] developed a leakage calculator using three models to estimate the leakage from the cement plugs. The authors considered three leakage pathways and they are: (i) Leakage within the set-cement; (ii) leakage through cracks and fractures; and (iii) leakage through microannuli. Each pathway was treated separately. Darcy's equation [41] was used to calculate the leakage rate through the set cement (Equation (2)). The leakage rate from the cracks was calculated based on a model (Equation (3)) that was developed by Sarkar et al. [42] while the flowrate that occurs through the microannuli was computed through the model (Equation (1)) developed by Aas et al. [39] :
where k is the cement permeability in m 2 , A is the cross-sectional area of the cement plug in m 2 , ρ is the fluid density in kg/ m 3 , and θ is the inclination of the well corresponding to the cement plug:
where h is the fracture aperture in m, α is the fracture orientation, and W is the fracture width in m. Stormont et al. [43] developed a wellbore model to mimic gas invasion into a cemented annulus. They intentionally created a microannulus in a cement specimen to investigate the effect of confining, casing, and pore pressures. They concluded that a microannulus actlike a fracture with respect to deformation under stress. In addition, the authors presented an analytical gas leakage model and assumed that gas only flows through the microannulus. They modeled the flow using the Navier-Stokes equation coupled with the cubic law since the microannuli are fracture-like (Equation (4)):
where ∇P is the pressure gradient in Pa/m, h is the hydraulic aperture in m, and ω is the length of the hydraulic aperture in m, which is approximated by the circumference of the casing. The power of this model is that it considers the gas flow within the mathematical law, unlike the aforementioned models.
Development of Leakage Scenarios
The model used in this study is the one developed by Stormont et al. [43] . This model was based on the microannulus generated between the casing and cement and it depends on the hydraulic aperture. Isothermal and fully developed flow of gas is assumed to use this equation. The hydraulic aperture can be calculated using the permeability assumed as follows [44] :
where ω is the hydraulic length of the aperture (2πR i ), and h is the hydraulic aperture and it can be expressed as (R m − R i ), where R m is the microannulus radius and R i is the radius of the inner casing. Then, the gas flow rate is calculated based on the following equation:
where M is the gas molecular weight in kg/mole, P u is the upstream pressure in Pa, P d is the downstream pressure in Pa, z is the compressibility factor, R is the universal gas constant in m 3 Pa/mole K, and T is the temperature in • K. This equation resulted from expanding the pressure gradient term of Equation (4).
To simplify the use of this equation and to develop the leakage scenarios, select assumptions were applied. This equation assumes steady state isothermal gas flow and the gas flows through completely gas-filled microannulus. The four permeability values were subbed in Equation (5) to solve for the hydraulic aperture. Then, the hydraulic aperture values were used in Equation (6) to calculate the gas flow rate. Next, the gas flow rate was used to obtain the leakage time using the following equation:
where t is the leakage time in seconds and A m is the flow area in m 2 . The leakage time is the time it takes the gas to travel from the top to the bottom of the cemented annulus. The leakage time was considered to be the primary variable for determining the optimum length of the casing-liner overlap. According to API Bulletin E3 [45] , the casing-liner overlap length can vary from 50 to 500 ft (15.24 to 152.4 m). Therefore, the overlap lengths in the scenarios were varied from 50 to 500 ft with a 50-ft increment. Four leakage scenarios were developed to simulate gas leakage through the cement placed within the casing-liner overlap. The difference between these scenarios is the differential pressure exerted across the cement behind the casing-liner overlap. The differential pressure was varied from 250 to 1500 psi. In each scenario, four permeability values were used to assess the risk associated with each value. In addition, the casing-liner overlap was varied to investigate how the overlap length is going to help ensure good well integrity. The objective of developing these scenarios was to investigate the optimum length of the casing-liner overlap. Figure 2 shows gas leakage through different lengths of the casing-liner overlap. Select assumptions applied to the leakage scenarios are as follows:
•
The last casing shoe was set at 1000 ft (304.8 m). 
Experimental Methodology
An experimental investigation of annular gas migration in a cement column was conducted to calibrate the gas leakage model. A wellbore model was designed and fabricated to mimic the gas migration in annular cement. The setup was made of two concentric pipes to replicate the artificial annulus. Flanges, flange caps, high strength bolts, and gaskets were used to create an artificial wellbore. The top of the artificial annulus was open to the atmosphere to expose the cement sheath to atmospheric pressure. The setup had four ports: Three ports were to monitor the pressure in the cement column while the last port, which is at the very bottom of the setup, was to inject nitrogen (N 2 ) gas to the cement column. The pressure transmitters mounted on the setup were connected to a data acquisition system (DAQ) to save the pressure data in a computer. Video cameras were mounted on top of the setup and focused at the top of the artificial annulus to detect the gas bubbles coming out of the cement sheath. A network video recorder (NVR) was connected to the video cameras to save all the recordings.
Since shallow formations typically have low pressure and temperature, the experiments were conducted at ambient temperature and atmospheric pressure. Figure 3 shows the actual wellbore model used to perform the experiments in this study. Class H is commonly used for cementing oil and gas wells in the Gulf of Mexico and the North Sea. This influenced the selection of Class H cement to conduct the experiment. In total, a 38% water requirement by weight of Class H cement was used. The cement specimen was mixed and prepared according to API RP 10 A [46] .
The experiment comprised of three cycles, and each cycle had three tests. The term "cycle" is used to describe two to three consecutive tests, while the term "test" is used to describe the flow of N 2 in the artificial annulus. Once the cement slurry was mixed according to the API procedure, it was then poured into the artificial annulus. Then, prior to the proposed WOC time, the video cameras and pressure transmitters were connected. Finally, N 2 was injected at a stabilized pressure of 60 psig to assess the sealability of the cement sheath. During the injection period, the surface of the cement sheath was monitored to detect any gas bubbles coming out. The time, where the first gas bubble was detected, was noted and considered as the leakage time. The leakage time can be defined as the time it takes for the nitrogen gas to travel from the bottom of the setup through the cement and reach the top of the cement. In other words, the time it takes for the first bubble to appear at the top of the cement bearing in mind the time at which the nitrogen gas was injected. 
Results and Discussion

Experimental Results
Neat Class H cement was used to prepare the cement slurry used in the experiment. This slurry had a 38% water/cement (W/C) ratio. The first test in the first cycle was conducted after 24 h of WOC time. The first bubble of gas was detected after 11 min after the commencement of the test. The leakage time of the second test in the first cycle, when the cement age was 2 days, decreased to 5 min. However, in the second cycle of the first test, where the cement age was 11 days, the first bubble was recorded 11 min after the beginning of the test, and then declined afterwards in the second and third tests within the second cycle. This behavior was observed in the third cycle, too. The increase of leakage time between the last test in a cycle and the first test in the succeeding cycle can be associated to the fallow period between the conducted cycles. This increase of leakage time can also be ascribed to the vanishing of some bubbling positions. The disappearance of the bubbling position is also known by the self-healing phenomenon, and it has been documented and discussed in the literature [47] [48] [49] . The authors believed that this phenomenon occurs due to the mobilization and precipitation of minerals along the pathways within the cement sheath. Figure 4 shows a microannulus bubbling from the cement sheath. The bubbles observed on the annulus surface were not intense. The pressure transmitters mounted on the wellbore model were used to collect pressure data. The collected pressure data from the tests were used to calculate the wellbore permeability. Figure 5 shows the decline pressure curves collected throughout a conducted test for all the pressure transmitters used in the setup. In Figure 4 , P 0 represents the gas injection pressure while P 1 is the pressure reading for the pressure transmitter installed at the very bottom of the setup. P 2 and P 3 are the pressure readings for the pressure transmitters installed at the middle and the top of the setup, respectively. The pressure data and leakage time were used to calibrate the gas leakage model. 
Leakage Scenarios
In the following leakage scenarios, the results portray the influence of the differential pressure, cement system permeability, and length of the casing-liner overlap on the leakage time. Al Ramadan et al. [50] conducted an experimental investigation on the sealability of annular cement, and the authors found that the cement permeability can vary between 0.001 and 0.5 mD. This influenced the selection of the permeability values used to develop the leakage scenarios. Four permeability values of 0.01, 0.1, 0.3, and 0.5 mD were assumed. Four differential pressures exerted across the cement placed within the casing-liner overlap were examined, which were 250, 500, 1000, and 1500 psi (1.72, 3.44, 6.88, and 10.34 Mpa). The length of the casing-liner overlap was varied from 50 to 500 ft with a 50-ft increment in all the scenarios to investigate the optimum length casing-liner overlap.
In the first leakage scenario, a differential pressure of 250 psi exerted on the cement within the casing-liner overlap was assumed. Figure 6 shows the leakage time versus the casing-liner overlap length when a differential pressure of 250 psi was exerted across the cement placed within the overlap. For a 50-ft casing-liner overlap, the leakage time was approximately 3 h for a permeability of 0.01 mD; however, the leakage time for the rest of permeability values was below 30 min. A general trend that was observed is that as the length of casing-liner overlap increases, the leakage time increases. For 0.3 mD, the gas takes almost 25 min to leak to the bottom of the overlap when the overlap length is 100 ft, while it takes 95 min for a 200-ft overlap length. The second leakage scenario was developed with a differential pressure of 500 psi across the cement column behind the casing-liner overlap. Figure 7 illustrates how the leakage time varies with the overlap length when a 500-psi differential pressure across the cement column is assumed. For a 50-ft overlap, the leakage time was approximately 1.5 h (with a permeability of 0.01 mD), while it was less than 30 min for the rest of the permeability values. The leakage time increases as the casing-liner overlap increases. For a permeability of 0.3 mD, the leakage time is 15 min when the overlap is 100 ft, while it is 55 min for 200 ft of overlap. It can be observed that as the differential pressure across the cement (within the overlap) increases, the leakage time decreases nonlinearly. The leakage scenarios depict that a longer casing-liner overlap can affect the gas propagation time to the bottom of the overlap into the nearest formation or aquifer. The third and fourth leakage scenarios assumed the respective differential pressures of 1000 and 1500 psi across the cement column behind the casing-liner overlap. Figures 8 and 9 show the leakage time versus the overlap length for 1000-and 1500-psi differential pressures, respectively. It can be observed that the 50-ft overlap has the lowest leakage time especially for permeability values ranging from 0.1 to 0.5 mD. In fact, a longer leakage time can be beneficial for the drilling operators to deal with a kick once it is detected. Also, it helps in preventing freshwater formations from being contaminated by any kick encountered. Figure 10 shows how the leakage time varies with the overlap length for various differential pressures at the 0.5-mD permeability. It can be observed that as the differential pressure across the overlap increases, the leakage time decreases. For the 150-ft overlap and 250-psi differential, the leakage time is 30 min, while for 1000 psi it is 10 min. However, as the overlap length increases, the difference in leakage time increases as well. For the 300-ft overlap and 250-psi differential, the leakage time is approximately 2 h and 7 min, while for the 1000-psi differential it is 42 min. It is obvious that as the differential pressure across the cement within the overlap increases, the leakage time decreases. In addition, it can be observed that shorter casing-liner overlaps (50 to 200 ft) have leakage times less than one hour. found to be due to gas migration through the sub mudline casing hanger seal and cement sheath into a shallow sand formation. This incident is documented in QC-FIT report#2014-02 [51] . The sub mudline casing hanger was designed in accordance to the first edition of API Spec 17D standard [52] , which only requires hydrostatic testing with water. However, the current (second) edition of API Spec 17D was revised in 2011, and it requires gas qualification testing of the equipment, addresses the design methodology, as well as verification and validation of wellhead production hangers, sub mudline casing hangers, and seals.
Referring to the incident reported in the QC-FIT report, the last casing shoe was set at 1000 ft while the liner hanger was set at 700 ft, creating a 300-ft casing-liner overlap. According to 30 CFR 250.423 (a) regulation [53] , the duration for the pressure test of conductor and casing/liner strings is recommended to be 30 min. The pressure test was conducted at 900 psi for 30 min without any leak indication. Assuming the formation pressure at the casing to be 500 psi, this will create a 400-psi differential pressure on the cement column behind the casing-liner overlap. Assuming a faulty barrier system (cement with 0.5-mD permeability and faulty elastomer). A leakage scenario was developed for this case and it is shown in Figure 10 . The blue horizontal line depicts the current test duration, which is 30 min. It can be observed that the leakage time, based on the assumptions made, will be 87 min. This implies that a 30-min pressure test may not have been sufficient to reveal any significant leak for a 300-ft overlap. Therefore, the dashed-red horizontal line (which represents 90 min) is the proposed pressure test duration for a cement column length ≥300 ft in the casing-liner overlap.
Summary, Conclusions, and Recommendations
This study investigated the critical length of the casing-liner overlap by modeling gas leakage within the cement placed in the overlap. Several leakage scenarios were developed to serve the objective of this paper. The following conclusions and recommendations are drawn from this study:
Conclusions
•
A simple but effective methodology was proposed to estimate the leak time through a casing-liner overlap.
The developed leakage scenarios showed that the leakage time increases as the length of the casing-liner overlap increases.
The cement sheath sealability plays a critical role in maintaining the well integrity. The results showed that as the cement permeability increases, the leakage time decreases.
The leakage scenario results revealed that 62% of the total leakage time falls under the casing-liner overlap range between 50 and 250 ft. This overlap range may not permit a longer duration for the detection and control of gas influx, when the cement sheath is faulty.
The leakage scenario results suggest that only 35% of the leakage times are between 1 and 30 min.
The current casing pressure test duration of 30 min may not be enough to verify the integrity of the cement sheath in the liner hanger overlap.
Recommendations
• It is recommended that the pressure test duration is increased beyond 30 min, depending on the cement column length in the casing-liner overlap. As shown from Figures 6-10 , the dashed-red horizontal line (which represents 90 min) is the proposed pressure test duration for a cement column length ≥300 ft in the casing-liner overlap.
•
It is recommended that the cement column in the casing-liner overlap is not less than 300 ft.
The leakage times for all the differential pressure values in Figure 10 are less than 1 h for a 50-ft to 200-ft overlap. Shorter overlaps (50 to 200 ft) can be beneficial because pressure tests may quickly identify leaks if the cement and elastomer in the liner hanger are faulty. Cost may also be a contributing factor for the use of shorter overlaps. However, the leakage scenarios suggest that shorter overlaps have shorter leakage times, which implies a shorter time for gas migration through a faulty cement and elastomer in the overlap. To err on the side of caution, particularly in gas zones, the light-blue shaded area in Figure 10 . represents the proposed cement column length in the casing-liner overlap (300 to 500 ft). This proposed range shows longer leakage times for a gas kick to migrate to the end of the overlap. In practice, the increase in leakage time can translate to a longer duration required for the detection and control of gas influx and migration.
The experiments performed in this study were not at high temperatures. It is recommended that future experimental setups should consider the high temperature effect.
The analytical method did not account for the cement's mechanical properties. It is recommended that numerical methods are applied to compensate for the limitations of the analytical method. 
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